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It carries information about the
mechanism of production...

Exotic physics could produce deviations
from the standard expectations

...but also about the way neutrinos
propagate from the sources to the detector
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Neutrino

α j ,⊕{ } = Ujk
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flavor ratios at source : 
         α e,S :α µ ,S :ατ ,S( )

flavor ratios at Earth : 
         α e,⊕ :α µ ,⊕ :ατ ,⊕( )
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Pion sources νe :νµ :ντ( )S = 1: 2 : 0( )⇒ νe :νµ :ντ( )⊕ = 1:1:1( )
           

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)

Muon damped  
sources

νe :νµ :ντ( )S = 0 :1: 0( )⇒ νe :νµ :ντ( )⊕ = 4: 7 : 7( )
           

Muon sources νe :νµ :ντ( )S = 1:1: 0( )⇒ νe :νµ :ντ( )⊕ = 14:11:11( )
           

Neutron sources νe :νµ :ντ( )S = 1: 0 : 0( )⇒ νe :νµ :ντ( )⊕ = 5 : 2 : 2( )
           n→p+e- +νe

Flavor ratios at source and Earth

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)
✖

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)

✖
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
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years, including through-going muons. The exclusion
curves of both analyses are compatible.
Figure 3 shows that if the flavor composition at the

source could be restricted from astrophysical arguments,
the allowed regions at Earth could become tiny (and will
shrink when the mixing parameters are better known). A
source composition of ð1∶0∶0ÞS is already disfavored at
≳2σ. While the current IceCube fit is compatible with the
standard ð13 ∶

1
3 ∶

1
3Þ⊕ at 1σ, the best-fit point cannot be

reached within the Standard Model.
An upgrade of IceCube would have excellent discrimina-

tion power, as indicated by the projected sensitivity curveswe
estimate for IceCube-Gen2and showinFig. 3.We reduced the
IceCube uncertainties by a factor of 5, corresponding to an
exposure increased by a factor∼25 (∼6 times larger effective
area [40] and twelve years instead of three). The true
sensitivity might be worse (due to sparser instrumentation)
or better (due to new techniques or to the discovery of
flavor-identifying signals [44,45,47,49,52,67–75]). To be
conservative, we assumed the best fit will correspond to the
most-frequently considered composition, ð13 ∶

1
3 ∶

1
3Þ⊕, for

which it will be most difficult to test for new physics.
Flavor ratios with new physics.—New physics can

modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will affect the flavor composition that reaches the detector;
this is our focus. In the last case—which includes, e.g.,
nonstandard interactions [76] and renormalization group
running of the mixing parameters [77]—we assume that
new physics, possibly energy-dependent, can be separated

by probing the interaction length in Earth via the angular
dependence of the neutrino flux [78–81].
In extreme scenarios, there could be only one mass

eigenstate present at detection, and the flavor composition
would correspond to that of one eigenstate. This could
happen if all but one mass eigenstate completely decays or
if matter-affected mixing at the source singles out a specific
one for emission.
Figure 4 shows the allowed region if we restrict

ourselves to a general class of new-physics models—those
in which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of models
that can access the area outside this region). The α-flavor
content of an allowed point is computed as k1jUα1j2þ
k2jUα2j2 þ k3jUα3j2, where the ki are varied under the
constraint k1 þ k2 þ k3 ¼ 1 and the values of the mixing
parameters are fixed. To generate the complete region, we
repeat the procedure by varying the mixing parameters
within their uncertainties.
For a particular new-physics model, the functional forms

and values of the ki are determined by its parameters. The
most dramatic examples include all variants of neutrino
decay among mass eigenstates, both partial and complete
[25,82–85], and secret neutrino interactions [86–92];
the ki in these cases depend on neutrino lifetimes and
new coupling constants, respectively. Other examples are
pseudo-Dirac neutrinos [93–95] and decoherence on the
Planck-scale structure of spacetime [96–102].
Even with this general class of new-physics models, only

about 25% of the flavor triangle can be accessed. The

FIG. 3 (color online). Allowed flavor ratios at Earth for
different choices of source ratios, assuming standard mixing.
Projected 1σ, 2σ, and 3σ exclusion curves from IceCube-Gen2
are included for comparison (gray, dotted); see main text.

FIG. 4 (color online). Allowed flavor ratios at Earth in a general
class of new-physics models. These produce linear combinations
of the flavor content of ν3, ν2, and ν1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3σ region from
Fig. 2 is shown as a magenta (dotted) curve.

PRL 115, 161302 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
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161302-3

incoherent mixture of mass eigenstates

M. Bustamante, J. F. Beacom and W. Winter, Phys. Rev. Lett. 115:161302, 2015

Yet, the flavor triangle 
is not fully covered!

neutrino decays, pseudo-Dirac neutrinos…  
or neutrino secret interactions, Planck-scale decoherence

More extreme 
scenarios are 

required!
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more extreme scenarios
Using effective operators:  

general evolution hamiltonian

H = 1
2E

UM 2U † + E
Λn

⎛
⎝⎜

⎞
⎠⎟

n

n
∑ !UnOn

!Un
†

n=0 : neutrino couplings to spacetime torsion, CPT-odd Lorentz violation, NSI  

n=1 : CPT-even Lorentz violation, equivalence principle violation 

flavor structure 
of new physics

Using the probability given in this equation and the flux at
production ϕp

α , we can calculate the neutrino flux on the
Earth, ϕ⊕

β ðEÞ, for a flavor β. It is more convenient to define
the energy averaged flavor composition as

ϕ̄⊕
β ¼ 1

jΔEj

Z

ΔE

X

α

P̄να→νβðEÞϕ
p
αðEÞdE; ð3Þ

where we assume E−2 power law for the production flux
and ΔE ¼ ½10 TeV; 10 PeV%. Note, however, that our main
results are largely insensitive to the spectral index. We also
assume that all flavors have the same energy dependence at
the source.
In astrophysics, charged pion decay from proton-proton

collisions is one of the preferred neutrino production
channels. In this scenario, the initial flavor composition
is ðϕe∶ϕμ∶ϕτÞ ¼ ð1∶2∶0Þ. Other scenarios, such as rapid
muon energy loss, produce ð0∶1∶0Þ; neutron decay domi-
nated sources produce ð1∶0∶0Þ and are of interest, while
compositions such as ð0∶0∶1Þ are not expected in the
standard particle astrophysics scenarios. In order to plot the
flavor content in a flavor triangle, we introduce the flavor
fraction, α⊕β ¼ ϕ̄⊕

β =
P

γϕ̄
⊕
γ .

For the vacuum propagation, the Hamiltonian of the
standard neutrino oscillation only depends on the neutrino
mass term

H ¼ 1

2E
U

0

B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1

CAU† ¼ 1

2E
UM2U†; ð4Þ

where E is neutrino energy, Δm2
ij ¼ m2

i −m2
j , and U is the

standard lepton mixing matrix U. Throughout this Letter,
we assume the normal mass ordering. We also performed
the same study by assuming the inverted mass ordering;
however, differences are minor, and mass ordering does not
affect any of our main conclusions.
The current measurements of the standard neutrino

oscillation experiments allow us to determine the astro-
physical neutrino flavor content at detection given an
assumption of the neutrino production. In Fig. 1, we show
allowed regions of the flavor content on the Earth, where
we use the standard mixing angles and their errors from the
global fits [27] in order to produce probability density
distributions for the flavor content. Since the CP phase is
not strongly constrained by either terrestrial [28,29] or
astrophysical [30] neutrinos, we assume a flat distribution
from 0 to 2π. Note that, for simplicity, we use the larger of
the asymmetric errors and implement them as Gaussian. In
the left plot, we assume four different production flavor
composition hypotheses. We observe that all the allowed
regions of astrophysical neutrino flavor content on the
Earth are close to ð1∶1∶1Þ, except when the initial flavor
content is ð1∶0∶0Þ [31]. In the right plot, we show the
allowed region of the flavor content of the astrophysical
neutrinos with all possible astrophysical production

mechanisms; i.e., the production flavor composition is
sampled with ðx∶1 − x∶0Þ uniformly on x [32].
Therefore, this rather narrow band covers all possible
scenarios of the standard neutrino oscillations with the
standard astrophysical neutrino production mechanisms.
New physics in effective Hamiltonians.—An effective

way of introducing new physics in neutrino oscillations is
by introducing new operators. The full Hamiltonian that
incorporates the new physics operators, in the flavor basis,
can be expressed as

H ¼ 1

2E
UM2U† þ

X

n

!
E
Λn

"
n
~UnOn

~U†
n ¼ V†ðEÞΔVðEÞ;

whereOn¼diagðOn;1;On;2;On;3Þ and Δ¼diagðΔ1;Δ2;Δ3Þ.
On and Λn set the scale of the new physics and ~Un is the
mixing matrix that describes the new physics flavor
structure. In the effective theory approach, lower order
operators are more relevant; thus, in this Letter, we will
only study the first terms in the expansion, namely n ¼ 0
and n ¼ 1.
Although, in this Letter, we will study n ¼ 0 and n ¼ 1,

results can be extended to higher orders. These new
operators can be interpreted in different new physics
contexts. Some examples for n ¼ 0 new physics are
couplings between neutrinos and spacetime torsion [33],
CPT-odd Lorenz violation [34–37], and nonstandard
neutrino interactions [38–41]. As for n ¼ 1 new physics
operators, CPT-even Lorentz violation [42,43] and equiv-
alence principle violation [44,45] are possible examples.
There are some constraints from neutrino oscillation

experiments to these effective operators in the context of
Lorentz and CPT violation [46]. The most stringent limits
on certain parameters are obtained from Super-Kamiokande
and IceCube atmospheric neutrino analyses [47,48]. In this
context, the CPT-odd and CPT-even Lorentz violation
coefficients are constrained to be ∼10−23 GeV and
∼10−27 depending on the flavor structure ~Un. These

FIG. 1 (color). Allowed regions of the flavor content on the
Earth using the priors on the mixing angles and errors given from
the current neutrino oscillation measurements. In the left plot, the
different colors correspond to different assumptions on flavor
content at the production. The color intensity is proportional to
the probability density. In the right plot, we further sample the
initial flavor content as ðx∶1 − x∶0Þ.
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constraints can be used to set the scales of n ¼ 0 and n ¼ 1
operators introduced in this Letter. For example, we set
O0 ¼ 1 × 10−23 GeV as a current limit of the n ¼ 0 oper-
ator, and O1 ¼ 1 × 10−23 GeV with Λ1 ¼ 1 TeV as a
current limit of n ¼ 1 operators, where ðO1=Λ1Þ ¼ 10−27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ¼ d~s212∧d~c413∧d~s223∧d~δ; ð5Þ

where, ~sij, ~cij, and ~δ correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ¼ ðE=ΛnÞn ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ¼ ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production ð1∶2∶0Þ [yellow], beta

decay ð1∶0∶0Þ [green], muon cooling ð0∶1∶0Þ [red], and
for completeness, we show the exotic ντ dominant model
ð0∶0∶1Þ [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ¼ 0 operators. In the top plot, we set
O0 ¼ 1.0 × 10−23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ¼ 3.6 × 10−26 GeV, and in the bottom right
plot we set O0 ¼ 6.3 × 10−28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of Eν ¼ 35 TeV and
Eν ¼ 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ¼ 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit ðO1=Λ1Þ ∼ 10−27.
This is achieved by choosingO1 ¼ O0 ¼ 1.0 × 10−23 GeV
and Λ1 ¼ 1 TeV. In the bottom left plot, O1 ¼
3.6 × 10−26 GeV and Λ1 ¼ 35 TeV are used, and in the
bottom right plot, the parameters are O1 ¼ 6.3 ×
10−28 GeV and Λ1 ¼ 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of Eν ¼ 35 TeV and Eν ¼ 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ¼ 0 operators. The top plot
corresponds to the current limits on n ¼ 0 operator; the bottom
left plot corresponds toO0 ¼ 3.6 × 10−26 GeV, while the bottom
right plot corresponds to O0 ¼ 6.3 × 10−28 GeV.
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respectively. In other words, these choices explore new
physics down to ðO1=Λ1Þ¼1.0×10−30 and ðO1=Λ1Þ¼
3.2×10−34. This can be compared, for example, to the
aforementioned best limits of Lorentz and CPT violation in
the neutrino sector [47,48]. The potential limits from
astrophysical neutrino flavor content can be well beyond
what terrestrial neutrino experiments can achieve.
From Figs. 3 and 4, we observe that the allowed regions

in the flavor triangle change in a similar way to a function
of the energy scale. This is true for any higher operators,
because what matters is the scale where they dominate over
standard neutrino mass terms, and these two operators are
sufficient to predict behaviors of any higher order oper-
ators. Comparing Figs. 3 and 4 with respect to Fig. 2, where
the allowed regions are more symmetric, there is a preferred
region along the vacuum oscillation triangle shown in
Fig. 1. It is interesting to notice that, due to the unitary
evolution and the fact that the oscillations are averaged, for
a given production flavor content, only a subset of the
flavor triangle is accessible. The pion decay production
mechanism ð1∶2∶0Þ is one of the most natural astrophysi-
cal scenarios for high energy neutrino production. From
Figs. 3 and 4, the allowed region for this case is the
smallest, which means that, if future measurements exclude
this region, the pion production dominant mechanism is
excluded regardless of the presence of new oscillation
physics.

In the analyses of the IceCube high energy neutrino
events, different results have been shown. The first result
[53], using the IceCube result [2], showed a best fit at
ð1∶0∶0Þ disfavoring ð1∶1∶1Þ at 92% C.L. Later, the same
authors did an improved analysis [14] including energy
dependence and extra systematic errors, finding that the
best fit may move considerably depending on the features
of the energy spectrum such as including an energy cutoff
or not. The IceCube Collaboration later published an
analysis of the flavor ratio above 30 TeV [15] finding a
best fit at ð0∶ 1

5 ∶
4
5Þ, as well as excluding ð1∶0∶0Þ and

ð0∶1∶0Þ at more than 90% C.L. This IceCube result shows
a best fit dominated by the ντ component, which can be
explained by the correlation between the energy cutoff and
the Glashow resonance, as noted by [14]. In obtaining this
best fit, the IceCube Collaboration has assumed an equal
amount of neutrinos and antineutrinos, which best corre-
sponds to a proton-proton source. On the other hand, if the
neutrino source is proton-photon dominated, then the
neutrino-antineutrino ratio weakens, making the previous
conclusion. It is interesting to notice that, if this IceCube
best fit does not change considerably after adding more
data, the production mechanism has to include a ντ
component. This is because the new physics in the
propagation can not give the best fit value for any plausible
astrophysical scenarios. This implies not only new physics
in the neutrino oscillations, but also new physics in the
production mechanism.
Conclusions.—We performed the first new physics study

on the astrophysical neutrino flavor content using effective
operators in the standard three neutrino scenario. These
operators can represent a variety of models such as Lorentz
and CPT violation, violation of equivalent principle,
cosmic torsion, nonstandard interactions, etc., making this
Letter the most general study of new physics in astro-
physical neutrino flavor content to date.
We found that large effects in the flavor content on the

Earth are still allowed with given terrestrial bounds on new
physics in the neutrino sector. This implies that an accurate
measurement of the flavor content will provide stronger
bounds on new physics. Furthermore, there are regions on
the flavor triangle that cannot be accessed even in the
presence of new physics in the neutrino oscillations for any
of the plausible astrophysical mechanisms. Interestingly,
the most natural astrophysical mechanism, pion decay, has
the smallest region in the flavor triangle even when new
physics is considered. The real astrophysical neutrino
production mechanism in nature may be the combination
of channels, but our results hold for such a case. Therefore,
a higher statistics measurement by future neutrino tele-
scopes, such as IceCube-Gen2 [54], could reveal not only
the initial neutrino flavor ratios, but also the presence of
new physics in neutrinos.

We thank Logan Wille, Markus Ahlers, and Jorge Díaz
for useful discussions. The authors acknowledge support
from the Wisconsin IceCube Particle Astrophysics Center

FIG. 4 (color). Allowed region using anarchic sampling on
the mixing angles for the new physics n ¼ 1 operators. The
top plot corresponds to the current limits on n ¼ 1 operator;
the bottom left plot corresponds to O1 ¼ 3.6 × 10−26 GeV
and Λ1 ¼ 35 TeV (ðO1=Λ1Þ ¼ 1.0 × 10−30), while the bottom
right plot corresponds to O1 ¼ 6.3 × 10−28 GeV and
Λ1 ¼ 2 PeV (ðO1=Λ1Þ ¼ 3.2 × 10−34).
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νe+ e−→ W −

ER = MW
2 / 2me ≈ 6.3 PeV

Edep = 60 TeV, 10 PeV⎡⎣ ⎤⎦

SPR, A. C. Vincent and O. Mena, Phys. Rev. D91:103008, 2015
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→ no muon neutrinos 
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FIG. 13. Event spectra in IceCube, as a function of the EM-equivalent deposited energy, of tracks and showers

for each flavor after 988 days (summing neutrinos and antineutrinos), for an isotropic power-law spectrum, per flavor,
E2

⌫ d�
a/dE⌫ = 1.5⇥ 10�8 (E⌫/100TeV)�0.3 GeVcm�2 s�1 sr�1 [3]. Showers (tracks) are depicted as solid (dashed) histograms.

The contributions from ⌫e + ⌫̄e, ⌫µ + ⌫̄µ and ⌫⌧ + ⌫̄⌧ are represented by red, green and blue histograms, respectively.

The true EM-equivalent deposited energies for all the neutrino-electron processes are

E

e
e = E⌫ y , (B32)

E

e
⌧,h = Fh(E⌫ y (1� z))E⌫ y (1� z) , (B33)

E

e
⌧,e = E⌫ y z , (B34)

E

e
e,h = Fh(E⌫)E⌫ , (B35)

E

e
⌧,µ = Fµ,⌧ (E⌫ y) (E⌫ y z + a/b) , (B36)

E

e
µ = Fµ (E⌫ y + a/b) . (B37)

In Fig. 13 we show the event spectra of showers and tracks for each flavor (summing neutrinos and antineutrinos) for
the best fit IceCube spectra [3], i.e., E2

⌫ d�
a
/dE⌫ = 1.5⇥ 10�8 (E⌫/100TeV)�0.3 GeVcm�2 s�1 sr�1, per flavor. The

e↵ect of the Glashow resonance on the ⌫̄e-induced event spectra is clearly visible in the red histograms. The shower
spectrum for ⌫e + ⌫̄e (red solid histogram) shows a bump above a few PeV and the resonant interactions of ⌫̄e (but
also the non-resonant interactions of ⌫e, see Eq. (A6)) with electrons also give rise to tracks (red dashed histogram),
via the the leptonic decay of the produced W bosons. We also note the similar shape of all the event distributions
(except from the red dashed histogram), as a function of the EM-equivalent deposited energy, below a few PeV.

SPR, A. C. Vincent and O. Mena, Phys. Rev. D91:103008, 2015

Energy distribution of HESE
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FIG. 6. Isotropic two power-law model: spectral shape. Contours in the � � � plane, corresponding to 68% (dark colors)
and 95% (light colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed
green curves) represent the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior
means (circles) and best fits (stars) are also indicated. Left panel : astrophysical component with a soft spectrum. Right panel:
astrophysical component with a hard spectrum.

IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s

��
s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016

Two power-law spectra
4-year data
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means (circles) and best fits (stars) are also indicated. Left panel : astrophysical component with a soft spectrum. Right panel:
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IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s

��
s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

Not significantly better than a single power-law

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016

Two power-law spectra
4-year data
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IV. TWO POWER-LAW ANALYSIS

The case of a single isotropic high-energy neutrino flux is the simplest scenario one could consider. However,
di↵erent astrophysical sources are likely to contribute to the neutrino flux arriving at Earth and thus, it is also
natural to consider more complicated spectral features and anisotropies in the angular distribution. As the next
step, we discuss the possibility of a two-component astrophysical flux. This has already been suggested to explain
the IceCube HESE spectrum, either assuming an isotropic flux and with a focus on the gap below 1 PeV [165] or
considering galactic (mainly in the southern hemisphere) and extragalactic (isotropic) contributions with di↵erent
(but fixed) spectra [166], but with the same flavor composition. Here, we update and extend these analyses by first
considering an isotropic model with two components with di↵erent energy spectra and flavor compositions. Secondly,
we turn to the case of a di↵erent (single) power-law flux from the northern and southern hemispheres. Unlike the
plots in the previous section, we show credible regions using a bayesian analysis of our posterior distributions. We do
so because for this larger parameter space, robust profile likelihoods require impractically large samples. The results
of this section are summarized in Tabs. III and IV.

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with ↵µ,s = ↵⌧,s and ↵µ,h = ↵⌧,h), the power-law indices and
the number of events produced by each neutrino flux component. As in the single component case, we assume the
neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the free parameters:
{↵e,s,↵e,h, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard component, respectively.
The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s

��
s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2

Soft spectrum Hard spectrum

Not significantly better than a single power-law

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016

only with HESE! 

Two power-law spectra
4-year data
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FIG. 3. Isotropic single power-law model: event spectra in the IceCube detector after 1347 days. We show the result
for the best fit of 6P analysis in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]: atmospheric muon events
(red histogram), conventional atmospheric neutrino events (blue histogram), astrophysical neutrino events (black histogram),
E2

⌫ d�/dE⌫ = 10.3⇥ 10�8 (E⌫/100TeV)�0.77 GeV�1 cm�2 s�1 sr�1 and (0.00 : 0.40 : 0.60)�, and total event spectrum (purple
histogram). We also show the spectrum obtained using the preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent
deposited energy interval [60 TeV � 3 PeV] (gray histogram), E2

⌫ d�/dE⌫ = 6.6⇥10�8 (E⌫/100TeV)�0.58 GeV�1 cm�2 s�1 sr�1,
and the binned high-energy neutrino event data (black dots) [4] with Feldman-Cousins errors [193].

⌫µ + ⌫̄µ (⌫⌧ + ⌫̄⌧ ) in the astrophysical flux than the 3-year results, but likewise with a negligible ⌫e + ⌫̄e component.
With no new event with EM-equivalent deposited energy in the PeV range, we stress again that, assuming an isotropic
single-component astrophysical neutrino flux, the lack of events above 2 PeV implies a suppressed ⌫e + ⌫̄e flux and
a steep spectrum (or a break in the spectrum). Concurrently, the important fraction of muon tracks misclassified as
showers allows for a significant astrophysical ⌫µ + ⌫̄µ flux. The fact that the best fit for this fraction is higher than
in the 3-year analysis can be explained by the higher relative number of tracks: there are 6 new tracks out of 17 new
events, whereas there were 8 tracks out of 36 events (plus one coincident event whose energy and direction cannot be
reconstructed) in the 3-year data sample. In any case, the canonical (1 : 1 : 1)� flavor composition is still compatible
with the data within 1� C.L.

In Fig. 3, we show the 4-year IceCube HESE data (black dots) and the event spectra obtained with our 6P best
fit (i.e., setting Np = 0) using events in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]. The
astrophysical signal (black histogram) and backgrounds (red and blue histograms), as well as the total (tracks plus
showers) spectrum (purple histogram) are depicted. We note that the low energy data is nicely fitted and that our
result is in perfect agreement with the preliminary IceCube best fit spectrum (gray histogram) below PeV energies.
On the other hand, at PeV energies our best fit spectrum does not present a bump around the Glashow resonance,
unlike what happens for the IceCube spectrum. Obviously, this is because (1 : 1 : 1)� is fixed in the IceCube analysis,
whereas our best fit in this energy range is (0.00 : 0.40 : 0.60)�, i.e., no ⌫e+ ⌫̄e flux and hence, zero expected Glashow
resonance events. However, given the softness of the astrophysical flux, even for the IceCube best fit, the expected
number of events around the Glashow resonance after 4 years is less than one.

Finally, we turn to the 7P analysis and discuss the possible contribution from prompt atmospheric neutrinos to
the data. In Fig. 4 we show the 68% C.L. and 95% C.L. profile likelihood contours for the normalization of the
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FIG. 3. Isotropic single power-law model: event spectra in the IceCube detector after 1347 days. We show the result
for the best fit of 6P analysis in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]: atmospheric muon events
(red histogram), conventional atmospheric neutrino events (blue histogram), astrophysical neutrino events (black histogram),
E2

⌫ d�/dE⌫ = 10.3⇥ 10�8 (E⌫/100TeV)�0.77 GeV�1 cm�2 s�1 sr�1 and (0.00 : 0.40 : 0.60)�, and total event spectrum (purple
histogram). We also show the spectrum obtained using the preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent
deposited energy interval [60 TeV � 3 PeV] (gray histogram), E2

⌫ d�/dE⌫ = 6.6⇥10�8 (E⌫/100TeV)�0.58 GeV�1 cm�2 s�1 sr�1,
and the binned high-energy neutrino event data (black dots) [4] with Feldman-Cousins errors [193].

⌫µ + ⌫̄µ (⌫⌧ + ⌫̄⌧ ) in the astrophysical flux than the 3-year results, but likewise with a negligible ⌫e + ⌫̄e component.
With no new event with EM-equivalent deposited energy in the PeV range, we stress again that, assuming an isotropic
single-component astrophysical neutrino flux, the lack of events above 2 PeV implies a suppressed ⌫e + ⌫̄e flux and
a steep spectrum (or a break in the spectrum). Concurrently, the important fraction of muon tracks misclassified as
showers allows for a significant astrophysical ⌫µ + ⌫̄µ flux. The fact that the best fit for this fraction is higher than
in the 3-year analysis can be explained by the higher relative number of tracks: there are 6 new tracks out of 17 new
events, whereas there were 8 tracks out of 36 events (plus one coincident event whose energy and direction cannot be
reconstructed) in the 3-year data sample. In any case, the canonical (1 : 1 : 1)� flavor composition is still compatible
with the data within 1� C.L.

In Fig. 3, we show the 4-year IceCube HESE data (black dots) and the event spectra obtained with our 6P best
fit (i.e., setting Np = 0) using events in the EM-equivalent deposited energy interval [60 TeV � 10 PeV]. The
astrophysical signal (black histogram) and backgrounds (red and blue histograms), as well as the total (tracks plus
showers) spectrum (purple histogram) are depicted. We note that the low energy data is nicely fitted and that our
result is in perfect agreement with the preliminary IceCube best fit spectrum (gray histogram) below PeV energies.
On the other hand, at PeV energies our best fit spectrum does not present a bump around the Glashow resonance,
unlike what happens for the IceCube spectrum. Obviously, this is because (1 : 1 : 1)� is fixed in the IceCube analysis,
whereas our best fit in this energy range is (0.00 : 0.40 : 0.60)�, i.e., no ⌫e+ ⌫̄e flux and hence, zero expected Glashow
resonance events. However, given the softness of the astrophysical flux, even for the IceCube best fit, the expected
number of events around the Glashow resonance after 4 years is less than one.

Finally, we turn to the 7P analysis and discuss the possible contribution from prompt atmospheric neutrinos to
the data. In Fig. 4 we show the 68% C.L. and 95% C.L. profile likelihood contours for the normalization of the
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FIG. 7. Isotropic two power-law model: flavor composition. Posterior probability distributions of the ⌫e+ ⌫̄e fractions for
the soft ((↵e,s)�, solid upper curves) and hard ((↵e,h)�, dashed lower curves) components of the astrophysical neutrino flux,
assuming (↵µ,s)� = (↵⌧,s)� and (↵µ,h)� = (↵⌧,h)�. We show the results of the analyses of the two intervals in EM-equivalent
deposited energy considered in this work: [10 TeV � 10 PeV] (blue curves) and [60 TeV � 10 PeV] (green curves).

A. Isotropic two-power-law model

We first consider the simplest extension of an isotropic power-law flux, i.e., an isotropic flux with two power-
law components. We vary the flavor composition (with (↵µ,s)� = (↵⌧,s)� and (↵µ,h)� = (↵⌧,h)�), the power-law
indices and the number of events produced by each neutrino flux component. As in the single component case, we
assume the neutrino and antineutrino fluxes to be equal. As described above, we perform an 8P+2pow fit with the
free parameters: {(↵e,s)�, (↵e,h)�, �s, �h, Na,s, Na,h, N⌫ , Nµ}, where the indices ‘s’ and ‘h’ refer to the soft and hard
component, respectively. The results of this section are summarized in Tab. III.

In Fig. 6 we show the results of the 68% and 95% credible regions in the �
s

��
s

(left panel) and �
h

��
h

(right panel)
planes. In both panels, in addition to the best fits (stars) we also show the posterior means (circles). We see that
for the component that would explain the low-energy data, the best fit spectrum is very soft, (�

s

)
bf

= 3.50+1.55
�0.41 for

[10 TeV � 10 PeV] and (�
s

)
bf

= 3.89+1.08
�0.16 for [60 TeV � 10 PeV], with a spectrum similar in shape to the conventional

atmospheric neutrino flux. This partial degeneracy explains the low number of atmospheric neutrino events obtained
from the fit, mainly when the entire energy range is considered. We also note that the best fits for the normalization
of the soft component are at the edge of the 68% credible regions, with the posterior means being about a factor of 2
smaller. On the other hand, the best fits for the power-law index of the hard component, (�

h

)
bf

= 2.09+0.92
�0.64 for the

interval [10 TeV � 10 PeV] and (�
h

)
bf

= 2.25+0.58
�0.81 for [60 TeV � 10 PeV], are in much better agreement with the

through-going muon sample [16, 177]. Note that also the all-flavor normalization obtained for the hard component is
in agreement with the normalization of the ⌫µ + ⌫̄µ flux that best fits the through-going muon data. The best fit and
the posterior mean of the hard component are almost identical for the [60 TeV � 10 PeV] interval.

In Fig. 7, the posterior probability distributions of the flavor compositions of both flux components are presented.
As we are assuming equal ⌫µ + ⌫̄µ and ⌫⌧ + ⌫̄⌧ fractions, we only show the results for the ⌫e + ⌫̄e component, for the
usual energy intervals. Similarly to the single power-law analysis (6P), the case of a negligible ⌫e + ⌫̄e fraction turns
out to be the highest probability point for both components, although the hard component is more peaked towards
(↵e,h)� = 0 than the soft component, for which the distribution is flatter. Again, this is due to the lack of events
around the Glashow resonance, which is more important for a hard spectrum. Thus, for an unbroken power-law
spectrum, the only way of reducing the importance of the excess of events around these energies (⇠ 6.3 PeV), without

Two power-law Flavor

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the nµ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the nµ,up analysis.
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high-energy (“hard”) component of the HESE two power-law fit. The results are shown in Fig. 3,
together with the single power-law fit. A non-zero second component with a softer spectrum is then
preferred by the likelihood fit. Due to the large uncertainties on this low-energy (“soft”) component
it is compatible with zero within about 2s in which case the fit reduces to a single astrophysical
component. A corresponding likelihood ratio test comparing the single power-law fit with the two
power-law fit using the independent nµ,up measurement as a prior yields a p-value of 1.5%. Despite
the strong prior, there is no clear evidence for a break in the astrophysical spectrum in the HESE
data. Future IceCube analyses to be presented later this year, using samples extending to lower

Figure 3: Contour plot of the best-fit astrophysical spectral index gastro vs. best-fit per-flavor
normalization at 100TeV, Fastro. Shown is the single power-law fit in black (“1-Component”),
where the best-fit point is marked with a black star. The best-fit power law is E2f(E) =
2.46±0.8⇥10�8(E/100TeV)�0.92GeVcm�2s�1sr�1. The orange contours show the best-fit com-
ponents assuming a two power-law hypothesis with the nµ,up best fit [10], shown in pink, as a prior
for the hard component. Due to the large uncertainties on the soft component it is compatible with
zero within ⇡ 2s , in which case the fit reduces to a single astrophysical component.

energies and incorporating multiple channels, will have improved sensitivity to a possible break in
the astrophysical spectrum. Distributions of the HESE data events compared to background and
best-fit signal expectations for the above described single and two power-law model fits as func-
tions of deposited energy and declination can be found in figures 4a and 4b, respectively.

5. Spatial Clustering

A maximum-likelihood clustering method [3] was used to look for any neutrino point source in
the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right
ascension. As before, the analysis was run twice, once with all events and once with only shower-

6
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(a) deposited energies (b) arrival directions

Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.

like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans

Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
to more detailed searches, it is well suited towards triggering and providing input for follow-up
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(a) deposited energies (b) arrival directions

Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.

like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans

Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
to more detailed searches, it is well suited towards triggering and providing input for follow-up
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(a) deposited energies (b) arrival directions

Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.

like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans

Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
to more detailed searches, it is well suited towards triggering and providing input for follow-up
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atmospheric muon background track mis-ID parameterization 

Other inputs that could affect 
current analyses

So far only provided as a 
constant fraction: 30% for HESE

M. G. Aartsen et al.[Icecube Collaboration],  
Phys. Rev. Lett. 114:171102, 2015
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Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.
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tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans

Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
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Hidden Glashow resonance 
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Fig. 2. A schematic illustration of the initial state lepton emission mechanism for 
excitation of the Glashow resonance in νlγ → W +l− (l = e, µ, τ ). The photon splits 
into an l+l− pair before the excitation occurs. Even if the center-of-mass energy of 
the νlγ collision, √s, exceeds the W boson mass, mW , the emitted lepton l− carries 
away the energy excess E = √

s − mW and turns thus the energy of the νll+ pair to 
the resonance pole.

away the energy excess, E = √
s − mW , and turns thus the νll+

pair to the resonance pole. This resembles the well known ini-
tial state radiation in e+e− collisions when emission of photons 
from the initial electron (positron) before e+e− annihilation essen-
tially modifies the shape of a narrow resonance curve: the curve 
becomes wider, a suppression of the resonance maximum is ob-
served and the so-called radiation tail appears to the right of the 
resonance pole [31]. As seen from Fig. 1, similar features are exhib-

ited by the reactions
(−)
νl γ → l±W ∓: their cross sections resonantly 

grow at the pole s = m2
W and then gradually decline, also form-

ing tails due to emission of the charged leptons from the incident 
photon. Put another way, each of the cross sections in Fig. 1 repre-
sents in fact the Glashow resonance peak smeared out by the final 
charged lepton momentum and simultaneously suppressed due to 
(roughly) an extra vertex factor α for the transition γ → l+l− [27].

3. Theoretical framework

Since the Glashow resonance appears, as discussed above, in 
νγ interactions, it can therefore be excited in neutrino–nucleus 
collisions as well, when neutrinos interact with the equivalent 
(Weizsäcker–Williams) photons of the nuclear target. Consider a 
nucleus composed of Z protons and A–Z neutrons. In practice, it 
is convenient to have the cross sections per nucleon, so that for 
(−)
νl + (A, Z) → (W ∓)Res + X one can write

σNl(s) =
∫

dxγ (x)σl(xs), (3)

where γ (x) is the equivalent photon distribution, σl(s) is given 
by (2). The function γ (x) consists of four components correspond-
ing to the four possibilities of interaction:

γ (x) = 1
A

[
γcoherent(x) + Zγp el(x) + Zγp inel(x)

+ (A − Z)γn inel(x)
]
, (4)

namely, the coherent photon content of the nucleus when the lat-
ter radiates off a photon as a whole without break-up, γcoherent(x), 
the elastic photon content of the proton when a separate pro-
ton of the nucleus emits the photon, γp el(x), the inelastic photon 
content of the nucleon (proton and neutron) when the photon 

comes from a separate nucleon which subsequently breaks up, 
γp,n inel(x). These components are sketched in Fig. 3. It should be 
noted that the limits of integration in (3) depend on the mass 
of the object which radiates the photon. Thus for the integration 
over the coherent part, one has to take xmin = m2

W /2AmN Eν and 
xmax =

(
1 − √

AmN/2Eν
)2, where mN is the nucleon mass, Eν is 

the neutrino energy in the laboratory reference frame. For the 
integration over the remainder three components, the lower and 
upper limits are xmin = m2

W /2mN Eν , xmax =
(
1 − √

mN/2Eν
)2, re-

spectively. The choice of these limits becomes obvious if to recall 
that x is the fraction of the initial nucleus/nucleon energy carried 
away by the photon. Since Eν ≫ AmN , xmax can in principle be set 
to unity, as it is often done in the parton model.

4. Numerical calculations

In this section we present the cross sections for excitation of 
the Glashow resonance in neutrino scattering on the oxygen nu-

cleus, 
(−)
νl + 16O → (W ∓)Res + X , calculated numerically in the 

equivalent photon approximation for the neutrino laboratory ener-
gies between 5 × 1012 eV and 1016 eV. In the evaluation of (3) we 
set α(m2

W ) = 1/128, G F = 1.16 × 10−5 GeV−2, me = 0.0005 GeV, 
mµ = 0.1056 GeV, mτ = 1.7768 GeV, mW = 80.4000 GeV [5], Z =
A/2 = 8. The coherent photon content of the 16O nucleus has al-
ready been found in [27], so we just borrow γcoherent(x) from that 
work. The procedure of theoretical computation of the elastic pho-
ton distribution of the proton, γp el(x), as well as the inelastic ones 
for the nucleon, γp,n inel(x), has been developed and studied in de-
tail [33–35] which we also adopt here. Note that the functions 
γp,n inel(x) are scale dependent and we fix the scale to be equal to 

the energy squared of the subprocesses 
(−)
νl l∓ → W ∓ , Q 2 = m2

W , 
as it is usually done in similar calculations [36]. All these equiva-
lent photon distributions are shown in Fig. 4. Using them in (3) we 
have obtained the cross sections for 

(−)
νl + 16O → (W ∓)Res + X de-

picted in Fig. 5. To see the contributions from each component of 
the photon content of 16O to an overall cross section it is enough 
to consider just one case, for example 

(−)
νe + 16O → (W ∓)Res + X , 

shown in Fig. 6. The proportions between these contributions to 
the cross section for any of the remainder reactions, 

(−)
νµ + 16O →

(W ∓)Res + X , 
(−)
ντ + 16O → (W ∓)Res + X , will be the same as above. 

It should be emphasized that the cross section for coherent 
(−)
νl

16O
scattering is about two times lower than the result from [28]. This 
discrepancy is presumably caused by different treating the nuclear 
formfactor.

A superficial look at the cross sections in Fig. 5 does not reveal 
the resonant behavior, but a slow logarithmic-law growth with the 
collision energy. The Glashow resonance is thus hidden in these re-
actions. Nevertheless, its presence can be seen already at the level 
of elastic scattering. As an example compare two processes, νe p →
e−W + p and e− p → νe W − p. Both processes proceed through the 
charged week current interaction and at Eν = Ee ≫ me are obvi-
ously similar to each other from the kinematical point of view. 

Fig. 3. Different sources of the equivalent (Weizsäcker–Williams) photons with which neutrinos interact: (a) the coherent photon content of a nucleus; (b) elastic photon 
content of the proton; (c) inelastic photon content of the nucleon (proton and neutron).

D. Seckel, Phys. Rev, Lett. 80:900, 1998 
I. Alikhanov, Phys. Lett. 741:295, 2015;  
                         Phys. Lett. 756:247, 2016
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over scattering of the neutrino with the virtual photons
in the Coulomb field.

dsnN!NlW1 ≠ ds0 I
0

I
Z2e2m2

N F2
N s q2d

Aq4

d3q
s2pd32mN

, (3)

where ds0 is as in Eq. (1) except that the real photon
is replaced by a virtual photon of momentum q and
polarization j

m
N ymN . Here the electromagnetic current of

the nucleus is defined as eZj
m
N . In the rest frame of the

nucleus, the matrix element used in ds0 is jM0j2 ≠ 4J00,
since in this frame p

m
N ≠ mN dm0 and we use qmJm ≠ 0

[18]. In Eq. (3) the quantity I refers to the nN system and
I 0 refers to the n-virtual g system, so that I 0yI ≠ qzymN ,
where z is the direction cosine between the incident
neutrino and q, Z and A are the charge and atomic
number of the nucleus, and FN is the form factor of
the nucleus normalized to FN s0d ≠ 1. J00 can then be
expanded in powers of q2ym2

W , taking care to keep terms
of order E2

nq2ym4
W until after the d3q integration is done.

In this expansion, me may be safely set to zero as the
logarithm associated with the intermediate lepton is cut
off by q2, which is generally larger than m2

e. For nm and
nt conversion, the lepton mass should be kept.
The highest momentum components of the nuclear

field establish the threshold for conversion. These have
momenta of roughly 100 MeV, so that nN ! NlW1

has a threshold of En ¯ 1014 eV. This is an interesting
range for current and proposed underwater/ice neutrino
detectors. Figure 5 shows the ratio of the cross section
per nucleon for neN ! NeW 1 to that for charged current
interactions [12] for the cases where the nuclear target is
oxygen and iron, as a function of neutrino energy. The
case of oxygen is interesting for neutrino detection rates
in water (or ice) which are seen to increase by some 10%
at En ¯ 1 Pev. The cross sections on iron are increased
by 20–25%, which will have an impact on studies of
nucleon structure functions based on absorption of high
energy cosmic neutrinos by the Earth. At higher energies,
the charged current cross section increases roughly as E0.4

n
[12], whereas the photon exchange process increases only
logarithmically and becomes less important.
That the Coulomb process is comparable to snN ,cc is

understandable from a parton viewpoint. The momenta
of the “partons” is similar (100 MeV photons vs 300 MeV
quarks). The number densities are similar, as long as the
nuclear field is coherent. The parton cross sections are
also similar, both being tree-level processes.

nee2 ! gW2. Neutrino interactions in matter are
usually dominated by scattering with nucleons. An
exception is the case of ne: the s-channel reaction
nee2 ! W2 ! ff 0 is important near the W resonance,
although it decreases in importance at higher energy.
Instead of the reaction with final state fermions ff 0, it
is also possible to produce on-shell W’s accompanied
by photons [19], nee2 ! gW2, which is just the cross

FIG. 5. Ratio of sneN!NeW1 to that for snN ,cc . The cross
sections are per nucleon.

channel of the neg ! e2W1 reaction considered above.
As long as one does not work too close to the resonance,
the cross section involves only the two diagrams related
to those in Fig. 1. Dropping me except in the logarithm,
the result is

snee2!gW2 ≠

p
2aGF

3s y 2 1dy2

3

∑
3s y2 1 1dln

µ
ym2

W

m2
e

∂

2 s5y2 1 2y 1 5d
∏

, (4)

where y ≠ sym2
W and here s ≠ 2meEn .

One might expect that with but a single channel and the
smaller electromagnetic coupling that the gW2 reaction
would be less important than ff 0 which proceeds to nine
final states (12 above the top threshold). For very forward
scattering, however, the nee2 ! gW2 process involves
the t-channel exchange of an almost on-shell electron,
which leads to an enhancement by ln sym2

e ¯ 25. As
a result the gW2 rate exceeds the s-channel rate to
ff 0 summed over all species, as can be seen in Fig. 6;
i.e., the cross section for nee2 ! gff 0 exceeds that for
nee2 ! ff 0.
At high energies, t-channel Z-boson exchange allows

the elastic channel to dominate so the importance of
gW2 decreases. For energies within a decay width of
the resonance, a simple separation of the two processes
is not possible—the photon is soft and so interference
with initial and final state bremstrahlung emission must
be considered [20]. For energies outside the width of the
resonance, the photon produced in nee2 ! gW2 is hard
and so will not interfere with bremstrahlung.
In summary, neutrinos are generally considered to be

weakly interacting particles, and thus neutrino-photon in-
teractions are generally ignored, or confined to discussions
of loop effects in scattering [21] or generating neutrino
magnetic moments [22]. Here it is noted that for center
of mass energies sufficient to produce real W bosons that
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Other inputs that could affect 
current analyses

C. Argüelles, SPR and M. H. Reno, in preparation

up to 10% effect in detection 
>10% effect in absorption in the Earth 

effect in the energy and flavor distributions
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Fig. 4. The equivalent (Weizsäcker–Williams) photon distributions [27,34]. The in-
elastic photon distributions for the proton and neutron are taken at a fixed 
scale Q 2 = m2

W .

Fig. 5. Per nucleon total cross sections for
(−)
νl + 16O → (W ∓)Res + X (l = e, µ, τ )

as functions of the neutrino laboratory energy. The corresponding center-of-mass 
neutrino–nucleon collision energy is labeled on the upper horizontal axis.

Fig. 6. Different parts of the per nucleon total cross section for (−)
νe + 16O →

(W ∓)Res + X as functions of the neutrino laboratory energy. The corresponding 
center-of-mass neutrino–nucleon collision energy is labeled on the upper horizontal 
axis.

Fig. 7. Ratio of the cross section for νe p → eW p (calculated in this Letter) to that 
for ep → νe W p [33] as a function of the center-of-mass collision energy.

However there is a dramatic difference (by a factor of ∼100) be-
tween their cross sections in a wide range of energies, as seen 
from Fig. 7. This difference can be related neither to the different 
available phase spaces (e− p → νe W − p has a larger phase space 
compared to νe p → e−W + p) nor to averaging over the initial 
spins of the colliding particles (which gives only a factor of 2). 
This cannot also be due to large errors in the calculations be-
cause it has already been demonstrated that the equivalent photon 
approximation for such elastic processes reproduces the cross sec-
tions to a remarkable accuracy of below 1% [33]. The reason for 
this difference is dynamical, namely the Glashow resonance. The 
matter is that while both reactions are dominated by photon ex-
change, the Standard Model forbids direct splitting γ → νe ν̄e and 
therefore e− p → νe W − p cannot involve the resonant subprocess 
e−ν̄e → W − at O  (αG F ), when νe p → e−W + p proceeds through 
νee+ → W + due to the possibility γ → e+e− .

5. Uncertainties and background

The main source of uncertainties on the calculated cross sec-
tions is related to the uncertainty on the equivalent photon dis-
tribution γ (x) in (3). The relative error of a cross section for an 
inelastic reaction as found in the framework of the equivalent pho-
ton approximation with respect to the exact result will depend on 
the four-momentum transfer squared Q 2 (the scale). It is essen-
tial that the photon distributions of the nucleon used above have 
already been theoretically tested for W production in ep → νeWX
[33,36] which is kinematically similar to the reactions we study in 
the sense that the scales at which all these reactions proceed are 
obviously identical. Therefore our results reproduce the cross sec-
tions to the same accuracy as those in [33,36]. Namely, at energies 
about Eν = 1013 eV the uncertainties on the elastic and inelas-
tic part of a cross section do not exceed 1% and 10%, respectively. 
At higher energies, Eν ∼ 1016 eV, they are less than 1% and 3%, re-
spectively. In total, one has that in the considered energy range the 
relative error for a cross section in Fig. 5 drops from ∼5% down to 
∼2% as the neutrino energy increases. Thus, the equivalent pho-

ton approximation for the reactions 
(−)
νl + 16O → (W ∓)Res + X and 

(−)
νl + p → (W ∓)Res + X is quite satisfactory.

It should be noted, that the applicability of the equivalent pho-
ton approximation to the description of the reaction ep → νeWX
is only to be experimentally verified. Its contribution to the to-
tal cross section of single W boson production at HERA is about 
7% [37], which is still at the level of measurement uncertainties. At 
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On the high-energy IceCube neutrinos

Flavor triangle is important for searches of exotic physics: 
degeneracies with energy spectrum 

Potential issues in current data (assuming an unbroken power-law): 

➙ Low-energy excess… multicomponent flux? very soft spectrum? 

➙ Deficit of electron antineutrinos E>PeV… spectral break? flavor? 

➙ Tension with through-going muon data… multicomponent flux? 

Other inputs could affect the results: self-veto uncertainties, track 
misID energy dependence, muon background, hidden Glashow 
resonance contribution

Conclusions
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FIG. 9. North-South model: spectral shape. Contours in the ��� plane, corresponding to 68% (dark colors) and 95% (light
colors) credible regions with the 8P+2pow analysis, as described in the text. Filled blue contours (closed green curves) represent
the EM-equivalent deposited energy interval of [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The posterior means (circles) and
best fits (stars) are also indicated, as well as the IceCube best fit of a similar analysis with a larger data sample [16] (squares).
Left panel : upgoing events (northern hemisphere). Right panel: downgoing events (southern hemisphere).

astrophysical spectrum with a 1.1� discrepancy with respect to the isotropic single power-law model. This would be
particularly interesting as it could be an indication of a galactic contribution in addition to an isotropic extragalactic
flux4, which has already been suggested using di↵erent arguments [21, 32, 36, 80, 166].

Here, we would like to examine whether the HESE data are partly driving this asymmetry, using an extra year
of data with respect to Ref. [16]. We therefore examine the statistical significance of the North-South asym-
metry by using the 4-year HESE data and performing an 8P+NS analysis, where the set of free parameters is
{↵e,N,↵e,S, �N, �S, Na,N, Na,S, Nµ, N⌫}, as described above. The results of this section are summarized in Tab. IV.

The results for the power-law indices and normalizations of the astrophysical spectrum are shown in Fig. 9 for
neutrinos originating from the northern (left panel) and southern (right panel) hemispheres. There is clearly no
indication of an asymmetry in the shape of the spectrum. In the case of the EM-equivalent deposited energy interval
[10 TeV � 10 PeV], the best fit values for the spectral indices are (�

N

)
bf

= 2.96+0.41
�0.78 and (�

S

)
bf

= 2.94+0.24
�0.29, which

are in perfect agreement with each other. The best fits for the spectral indices in the interval [60 TeV � 10 PeV]
are: (�

N

)
bf

= 2.42+0.89
�0.61 and (�

S

)
bf

= 2.79+0.31
�0.29, and both spectra are compatible at 1� C.L., mainly due to the large

uncertainty from the upgoing, northern hemisphere, events. Regardless the energy interval considered, the best fit
for the southern hemisphere is very similar to what is obtained for the single power-law isotropic model (see Tab. I).
This is not surprising, as the statistics are dominated by the downgoing events. Indeed, the scarce data from the
northern hemisphere also explains the large allowed regions and the very small dependence on the deposited energy
interval which is considered. Note that in the interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]), only 16 (10) events
have been observed from the northern hemisphere. The asymmetry found in Ref. [16] is thus likely dominated by the
addition of through-going muon track events, which entirely originate from the northern hemisphere. These events
are well-fitted by a much harder spectrum, �

TG

' 2 [4, 203]. When combined with the mainly-downgoing, much
softer HESE spectrum, this results in the reported asymmetry.

It is important to stress that we are not excluding the possibility of the quoted asymmetry, but trying to understand
its origin. Indeed, our results for the northern sky are compatible at the 1� C.L. with an astrophysical spectrum
as hard as the one found from the analysis of the through-going track sample. The sample size is simply not large
enough to make stronger claims with the HESE data set on its own. Furthermore, the asymmetry could occur in the
normalization, rather than in the spectral index. Nevertheless, our results do not show either the presence of any
asymmetry in this parameter.

4 Even if a flux with galatic plus extragalactic contributions would approximately correspond to a single-component flux from the North
and a two-component flux from the South, we have shown in the previous section (Sec. IVA) that the two power-law analysis does not
significantly improve the fit to the current HESE data over the single power-law model. Thus, this scenario can be adequately modeled
by the North-South model considered here.

Upgoing neutrinos Downgoing neutrinos

A. C. Vincent, SPR and O. Mena, Phys. Rev. D94:023009, 2016

Up/down4-year data
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best fits (stars) are also indicated, as well as the IceCube best fit of a similar analysis with a larger data sample [16] (squares).
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astrophysical spectrum with a 1.1� discrepancy with respect to the isotropic single power-law model. This would be
particularly interesting as it could be an indication of a galactic contribution in addition to an isotropic extragalactic
flux4, which has already been suggested using di↵erent arguments [21, 32, 36, 80, 166].

Here, we would like to examine whether the HESE data are partly driving this asymmetry, using an extra year
of data with respect to Ref. [16]. We therefore examine the statistical significance of the North-South asym-
metry by using the 4-year HESE data and performing an 8P+NS analysis, where the set of free parameters is
{↵e,N,↵e,S, �N, �S, Na,N, Na,S, Nµ, N⌫}, as described above. The results of this section are summarized in Tab. IV.

The results for the power-law indices and normalizations of the astrophysical spectrum are shown in Fig. 9 for
neutrinos originating from the northern (left panel) and southern (right panel) hemispheres. There is clearly no
indication of an asymmetry in the shape of the spectrum. In the case of the EM-equivalent deposited energy interval
[10 TeV � 10 PeV], the best fit values for the spectral indices are (�

N

)
bf

= 2.96+0.41
�0.78 and (�

S

)
bf

= 2.94+0.24
�0.29, which

are in perfect agreement with each other. The best fits for the spectral indices in the interval [60 TeV � 10 PeV]
are: (�

N

)
bf

= 2.42+0.89
�0.61 and (�

S

)
bf

= 2.79+0.31
�0.29, and both spectra are compatible at 1� C.L., mainly due to the large

uncertainty from the upgoing, northern hemisphere, events. Regardless the energy interval considered, the best fit
for the southern hemisphere is very similar to what is obtained for the single power-law isotropic model (see Tab. I).
This is not surprising, as the statistics are dominated by the downgoing events. Indeed, the scarce data from the
northern hemisphere also explains the large allowed regions and the very small dependence on the deposited energy
interval which is considered. Note that in the interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]), only 16 (10) events
have been observed from the northern hemisphere. The asymmetry found in Ref. [16] is thus likely dominated by the
addition of through-going muon track events, which entirely originate from the northern hemisphere. These events
are well-fitted by a much harder spectrum, �

TG

' 2 [4, 203]. When combined with the mainly-downgoing, much
softer HESE spectrum, this results in the reported asymmetry.

It is important to stress that we are not excluding the possibility of the quoted asymmetry, but trying to understand
its origin. Indeed, our results for the northern sky are compatible at the 1� C.L. with an astrophysical spectrum
as hard as the one found from the analysis of the through-going track sample. The sample size is simply not large
enough to make stronger claims with the HESE data set on its own. Furthermore, the asymmetry could occur in the
normalization, rather than in the spectral index. Nevertheless, our results do not show either the presence of any
asymmetry in this parameter.

4 Even if a flux with galatic plus extragalactic contributions would approximately correspond to a single-component flux from the North
and a two-component flux from the South, we have shown in the previous section (Sec. IVA) that the two power-law analysis does not
significantly improve the fit to the current HESE data over the single power-law model. Thus, this scenario can be adequately modeled
by the North-South model considered here.
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FIG. 5. Neutrino-antineutrino model: normalization of the fluxes. Profile likelihood contours in the � � �̄ plane, at
68% C.L. (dark colors) and 95% C.L. (light colors) with the 7P+⌫⌫̄ analysis, as described in the text. Filled orange contours
(closed purple curves) represent the EM-equivalent deposited energy interval [10 TeV � 10 PeV] ([60 TeV � 10 PeV]). The
best fits (stars) are also indicated.

⌫̄e flux comparable to the ⌫e flux would result in an excess of events around this deposited energy. So far, the most
energetic event in the 4-year HESE sample has an energy of about 2 PeV, far enough from the resonance peak that
it is unlikely to be associated with it. The implications of the lack of events around this energy have already been
discussed [7, 162, 163, 201]. This could be the indication of a break [7, 94] or a cuto↵ [18, 202] in the astrophysical
neutrino spectrum at an energy of a few PeV.

In this section, we perform a fit to the 4-year HESE data to evaluate the presence of a potential neutrino-antineutrino
asymmetry. Assuming the mechanism of production of neutrinos and antineutrinos to be the same, we consider only
one power-law spectral index, but we allow for di↵erent flavor compositions (with ↵µ = ↵⌧ and ↵̄µ = ↵̄⌧ ) and di↵erent
number of events produced by neutrinos and antineutrinos. As explained above, we perform a 7P+⌫⌫̄ fit, where the
set of free parameters is {↵e, ↵̄e, �, Na, N̄a, Nµ, N⌫}. The results of this section are summarized in Tab. II.

In contrast with the 6P analysis, which fits the sum of neutrino and antineutrino events, we now find the number of
astrophysical neutrino or antineutrino events not to be very correlated with the spectral index of the astrophysical flux
(assumed to be the same for both populations). Unsurprisingly, the numbers of neutrino and antineutrino events are
highly correlated between themselves, to keep the total number of events consistent with the data. This is an indication
of the degeneracy in both, the normalization of the fluxes and the flavor ratios of neutrinos and antineutrinos3. This
is shown in Fig. 5, where we depict the 68% C.L. and 95% C.L. profile likelihood contours in the �� �̄ plane for the
two energy intervals. Solutions with either no astrophysical neutrino or no astrophysical antineutrino flux are allowed
within 1� C.L., even though the best fit corresponds to a neutrino-dominated flux. This implies that current data do
not allow us to determine if there is an asymmetry in the neutrino-antineutrino composition of the astrophysical flux
and of course, do not allow us to distinguish scenarios with di↵erent fractions of neutrinos and antineutrinos (see also
Ref. [162, 163]).

3 See Ref. [164] for a discussion of the phenomenological implications of an asymmetry in the flavor compositions of neutrinos and
antineutrinos.

Important with higher statistics
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best fits (stars) are also indicated.

⌫̄e flux comparable to the ⌫e flux would result in an excess of events around this deposited energy. So far, the most
energetic event in the 4-year HESE sample has an energy of about 2 PeV, far enough from the resonance peak that
it is unlikely to be associated with it. The implications of the lack of events around this energy have already been
discussed [7, 162, 163, 201]. This could be the indication of a break [7, 94] or a cuto↵ [18, 202] in the astrophysical
neutrino spectrum at an energy of a few PeV.

In this section, we perform a fit to the 4-year HESE data to evaluate the presence of a potential neutrino-antineutrino
asymmetry. Assuming the mechanism of production of neutrinos and antineutrinos to be the same, we consider only
one power-law spectral index, but we allow for di↵erent flavor compositions (with ↵µ = ↵⌧ and ↵̄µ = ↵̄⌧ ) and di↵erent
number of events produced by neutrinos and antineutrinos. As explained above, we perform a 7P+⌫⌫̄ fit, where the
set of free parameters is {↵e, ↵̄e, �, Na, N̄a, Nµ, N⌫}. The results of this section are summarized in Tab. II.

In contrast with the 6P analysis, which fits the sum of neutrino and antineutrino events, we now find the number of
astrophysical neutrino or antineutrino events not to be very correlated with the spectral index of the astrophysical flux
(assumed to be the same for both populations). Unsurprisingly, the numbers of neutrino and antineutrino events are
highly correlated between themselves, to keep the total number of events consistent with the data. This is an indication
of the degeneracy in both, the normalization of the fluxes and the flavor ratios of neutrinos and antineutrinos3. This
is shown in Fig. 5, where we depict the 68% C.L. and 95% C.L. profile likelihood contours in the �� �̄ plane for the
two energy intervals. Solutions with either no astrophysical neutrino or no astrophysical antineutrino flux are allowed
within 1� C.L., even though the best fit corresponds to a neutrino-dominated flux. This implies that current data do
not allow us to determine if there is an asymmetry in the neutrino-antineutrino composition of the astrophysical flux
and of course, do not allow us to distinguish scenarios with di↵erent fractions of neutrinos and antineutrinos (see also
Ref. [162, 163]).

3 See Ref. [164] for a discussion of the phenomenological implications of an asymmetry in the flavor compositions of neutrinos and
antineutrinos.
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